This paper gives an acoustic phonetic description of the vowels and diphthongs in Hangzhou Wu Chinese dialect. Data from 12 speakers, 6 male and 6 female, were measured and analyzed. Monophthongs were investigated in CV, CVN, and CVC syllables; diphthongs were examined in terms of temporal organization, spectral properties, and dynamic aspects. Results suggest that falling diphthongs tend to have a single dynamic target, while rising diphthongs have two static spectral targets.
Introduction
Hangzhou was the capital of China during the historical period of Southern Song dynasty (A.D. 1127-1279) and is now the capital city of Zhejiang province. The Hangzhou dialect belongs to the Wu dialect family but has certain characteristics of Mandarin ( [1] , [2] , [3] , [4] ). Previous studies on Hangzhou phonology were mostly impressionistic dialectological works, and little was based on phonetic data ( [5] , [6] ). This paper attempts to give an outline of vowel phonology in Hangzhou on the basis of an acoustic phonetic description of vowel production.
Syllables in Chinese dialects are straightforward, as each syllable is a separate written unit. Chinese dialects usually have a simple syllable structure of CVC, where both initial and final consonants are optional, and the coda consonant is often limited to a few nasal consonants and in some dialects also a few unreleased stops. As compared to consonants, there is more complexity in vowels in Chinese dialects. There are monophthongs, diphthongs, triphthongs, and in some rare cases tetraphthongs ( [7] ). There is a long debate on the structure of rimes and vowels, and a key issue concerns the nature of diphthongs. For instance, there are various proposals for the phonology of vowels and diphthongs in Standard Chinese ( [8] , [9] , [10] , [11] , [12] , [13] , [14] , [15] , [16] ). However, previous studies are based on phonemic analyses in general, and thus have non-unique solutions ( [17] ). An insightful observation is that falling and rising diphthongs are different. Chao pointed out that falling diphthongs are true diphthongs in Wu dialects, but rising diphthongs are not ( [18] ). Recent phonetic researches from Chinese dialects proposed that falling diphthongs and monophthongs are single-event articulations, while rising diphthongs are sequences of two articulation events ( [19] , [20] , [21] , [22] , [23] , [24] Hangzhou has a rich vowel inventory, which is typical in northern Wu Chinese dialects. It is of theoretical interest to examine how phonological vowel oppositions are implemented in Hangzhou on one hand and to explore how physical aspects of vowel production play a role in the phonology in a particular language with a rich inventory of vowels and diphthongs on the other hand. Rising diphthongs are labeled as GV in this paper, and thus the three syllable types of Hangzhou were summarized as C(G)V, C(G)VN, and C(G)VC. As shown in Table 1 
Falling diphthongs ei ou
Rising diphthongs ia iɔ iɛ ua uɛ uo yo ʮa ʮɛ ʮo 26] ). Monophthongs usually have a spectral steady state and were annotated as one segment; diphthongs are typically composed of two steady states and a transition, and were annotated as three segments, i.e. an onset, an offset, and the transition connecting them. The lowest three formants were extracted from the spectrogram in the mid-point of each target segment. Temporal structures were measured for each diphthong, and the second formant (F2) range and rate of change were then calculated for the characterization of spectral dynamics of diphthongs. 
Results

Monophthongs
Monophthongs in CV syllables
Monophthongs in CVN syllables
Less vowel contrasts are retained in CVN syllables than in CV syllables. It can be seen from Figure 2 
Monophthongs in CVC syllables
CVC syllables have even less vowel contrasts in Hangzhou, and the vowels in checked syllables are about 53% shorter than in CV syllables. It was reported in the literature that there were three monophthongs [a o ə(e)] in CVC syllables in Hangzhou ( [1] , [2] , [4] , [29] ). But only a two-way contrast [a o] was found in all the 12 speakers in this study. 
Diphthongs
Hangzhou vowel phonology shares a commonality with other Chinese dialects in that a vowel element V and the preceding on-glide G form a rising diphthong, but differs in that in addition to the three high-vowel on-glides Due to the space limit, discussion focuses on falling diphthongs and the rising diphthongs in CGV syllables.
Temporal organization
Figures 4 and 5 show mean durations in second and in percentage respectively for diphthong components in falling diphthongs and rising diphthongs in CGV syllables in Hangzhou.
First, both onset and offset components in both falling and rising diphthongs have steady states. Second, the onset has a longer duration than the offset in a falling diphthong. On average, the onset takes more than 44%, the offset takes about 32%, and the transition takes less than 24% of syllable duration in a falling diphthong. Third, rising diphthongs exhibit temporal organizations different to falling diphthongs in general. In a rising diphthong, the offset is longer than the onset. [iɛ uo] are exceptions, and they have temporal organizations similar to falling diphthongs.
Figure 4: Mean durations in second for the falling diphthongs and rising diphthongs in CGV syllables in Hangzhou: male (left) and female speakers (right).
Figure 5: Mean durations in percentage for the falling diphthongs and rising diphthongs in CGV syllables in Hangzhou: male (left) and female speakers (right).
Spectral properties
Figures 6 to 9 compare 2-sigma ellipses for onset and offset components in rising diphthongs [ia iɔ iɛ ua uɛ uo ʮa ʮɛ ʮo ou ei] with their monophthongal counterparts in CV syllables. The IPAs with parentheses denote diphthong components.
It can be observed from the figures that both onset and offset components in rising diphthongs have comparable spectral distributions to their monophthongal counterparts in general. First, the offset components in rising diphthongs overlap with their monophthongal counterparts respectively, suggesting that rising diphthongs have similar spectral offset targets as their corresponding monophthongs do. Second, although there are certain coarticulatory effects, the onset components [i] and [u] in rising diphthongs overlap with their monophthongal counterparts in general. Third, the onset component [ʮ] in rising diphthongs shows more variability, suggesting more effects of coarticulation. In summary, it seems that the onset is subject to anticipatory coarticulation, but suffice it to conclude that rising diphthongs have both onset and offset targets. 
Dynamic aspects
Dynamic aspects were expressed as range and rate of spectral change for the second formant in diphthong production ( [31] , [32] ). [32] , [33] , [34] , [35] , [36] ). And in the latter cases, it is better to classify diphthongs into different groups and then check if there is a general pattern of spectral dynamics in diphthong production. 
Conclusions
This paper gives an outline of vowel phonology in Hangzhou on the basis of an acoustic phonetic description of vowel production. And the results are of theoretical interest to vowel phonetics and phonology in general. Hangzhou monophthongs in CV syllables have a triangular distribution in acoustic F1/F2 vowel planes, and as shown by the 2-sigma ellipse, each vowel has a spectral region that serves as a static acoustic target. Less vowel oppositions are found in CVN syllables, and only a two-way vowel contrast [a o] is detected in CVC syllables.
Falling diphthongs are grouped with monophthongs, as they have a dynamic spectral target ( [19] ). The two falling diphthongs [ei ou] in Hangzhou both have a small range of spectral change, and occupy a mid-high position in the acoustic F1/F2 vowel plane. And evidence from er-suffixation supports to conclude that in addition to static spectral targets, dynamic properties play an important role in distinguishing falling diphthongs from neighboring monophthongal vowels, namely [i ei ɛ] and [u ou ɔ] respectively.
Rising diphthongs are totally different from falling diphthongs in terms of spectral properties. Rising diphthongs have two spectral targets as their monophthongal counterparts do, and they are vowel sequences.
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